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Summary
Objective: The aim of the current study was to examine the cartilage-speciﬁc binding property of polyarginine peptides (R4, 8, 12, and 16) and
speciﬁcally to test octaarginine peptides for the optical imaging of articular cartilage in experimentally induced arthritis in mice.
Methods: Four rhodamine-labeled polyarginine peptides each with a different-length arginine chain (R4, 8, 12, or 16) were injected into the
knee joints of C57BL/6J mice (n¼ 20). The joints were excised 1 h later and the ﬂuorescent signal intensity in cartilage cryosections was com-
pared for the four peptides. To examine the substrate of R8 in cartilage, femoral condyles obtained from another set of mice were treated with
chondroitinase ABC (Ch’ase ABC), keratanase or heparitinase then immersed in R8-rhodamine. Fluorescent signals were examined by ﬂuo-
rescent microscopy. Next, R8-rhodamine was injected into the right knee joints of three control and three collagen antibody-induced arthritis
(CAIA) mice, and ﬂuorescent intensity in normal and degenerative cartilage was semi-quantitatively analysed on the histological sections us-
ing image software. Finally, femoral condyles from normal mice (n¼ 2) and CAIA mice (n¼ 2) were immersed in R8-rhodamine and calcein,
then imaged using optical projection tomography (OPT).
Results: Fluorescent signals were speciﬁcally detected in the cartilage pericellular matrix from the surface to the tide mark but were completely
absent in the calciﬁed layer or bone marrow. The number of arginine residues signiﬁcantly inﬂuenced peptide accumulation in articular car-
tilage, with R8 accumulating the most. The ﬂuorescent signal in the femoral condylar cartilage diminished when it was treated with Ch’ase
ABC. R8 accumulation was signiﬁcantly decreased in the degenerative cartilage of CAIA mice, and this was demonstrated both histologically
and in three-dimensional (3D)-reconstruction image by OPT.
Conclusion: R8 may be a useful new experimental probe for optical imaging of normal and arthritic articular cartilage.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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The biomechanical properties of articular cartilage are
mainly the result of its specialized extracellular matrix.
Aggrecan, a major proteoglycan in cartilage, contains ap-
proximately 100 chondroitin sulfate (CS) chains on the
core protein and is immobilized within the matrix by form-
ing supramolecular aggregates with hyaluronan and link
protein.1 The highly ﬁxed negative charge of the glycos-
aminoglycans (GAGs) draws water into the tissue, generat-
ing swelling and pressure that is counteracted by the
tensile property of the articular cartilage’s collagen net-
work. In the process of cartilage degeneration seen in
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1209aggrecan from articular cartilage has been widely accepted
as a critical early event and is the result of a proteolytic
process driven predominantly by aggrecanases and matrix
metalloproteinases (MMPs)2e4.
To date, there has been a lack of less-invasive imaging
modalities capable of detecting and evaluating cartilage de-
generation or defects and monitoring response to cartilage
repair therapies. Clinically, loss of articular cartilage in OA
or RA is indirectly evaluated by radiography as a joint space
narrowing, but early lesions resulting from cartilage damage
cannot be detected. Magnetic resonance imaging (MRI) is
a non-invasive method of imaging intra-articular changes
in cartilage. Gadolinium (Gd-DTPA2) is a negatively
charged contrast agent, which distributes in the cartilage
in an inverse relationship to the presence of negatively
charged GAG. Thus, delayed gadolinium-enhanced MRI
of cartilage (dGEMRIC) is being developed as a technique
for diagnosing areas of relative proteoglycan depletion5e7.
However, these methods have limited use in evaluating car-
tilage pathology in the small joints of experimental animal
models of these diseases.
1210 K. Inagawa et al.: Imaging of cartilage using octaarginineOptical imaging is a recently developed modality in med-
ical science8,9. A basic peptide derived from human immu-
nodeﬁciency virus-1 Tat protein (positions 48e60) can
translocate through cell membranes and accumulate in nu-
clei, a characteristic that can be utilized for the delivery of
exogenous proteins into cells10e13. The amino acid se-
quence required for protein translocation through the cell
membrane has been determined and named the protein
transduction domain (PTD). Recently, a PTD with higher
translocation efﬁciency has been developed and used in ex-
perimental and clinical studies. Polyarginine has been in-
vestigated as one PTD. Because arginine is the most
cationic amino acid, polyarginine has a lot of positive elec-
trical charge. Consequently, we hypothesized that polyargi-
nine speciﬁcally permeates and accumulates in cartilage
matrix, which abundantly contains negatively charged
GAGs.
In the current study, we used a ﬂuorescent-labeled poly-
arginine peptide as a contrast probe in cartilage for optical
imaging and demonstrated its speciﬁc binding to articular
cartilage following injection into the mouse knee joint. The
octaarginine peptide (R8) was a most effective contrast
probe for cartilage because of its speciﬁc binding to the
matrix GAGs. The feasibility of using R8 for optical imaging
was further examined in a collagen antibody-induced arthri-
tis (CAIA) mouse model using optical projection tomogra-
phy (OPT) analysis.Materials and methodsPEPTIDE SYNTHESIS AND FLUORESCENT LABELINGPolyarginine peptides composed of 4, 8, 12, or 16 residues of arginine
(R4, 8, 12, 16) were chemically synthesized by Fmoc (9-ﬂuorenylmethyloxy-
carbonyl) solid-phase peptide synthesis on a Rink amide resin as reported
previously14,15. A Gly-Cys-amide segment was also attached to their C ter-
mini. Fluorescent labeling of the peptides was achieved by treatment with
tetramethylrhodamine-5-maleimide (Invitrogen, Carlsbad, CA) in dimethylfor-
mamide-methanol (1:2) for 12 h followed by reverse-phase high-perfor-
mance liquid chromatography (HPLC) puriﬁcation. The purity of the
products ascertained by time-of-ﬂight mass spectrometry was more than
80%.ANIMALS AND ARTHRITIS INDUCTIONForty-four 6e9-week-old female C57BL/6J mice (Japan SLC, Shizuoka,
Japan) and 10 6-week-old female DBA/1J mice (Shimizu Laboratory Sup-
plies, Kyoto, Japan) were used. All animal research was conducted in accor-
dance with the requirements of the Okayama University Animal Research
Committee. The mice were housed in wire cages with a sawdust bottom in
an air-conditioned room at constant temperature under standard diurnal con-
ditions, fed a standard commercial diet, and given tap water ad libitum.
A CAIA mouse model was adapted from a previously described
model16e18. We used an arthritogenic cocktail (Chondrex, Redmond, WA)
of four monoclonal antibodies (mAb) that recognized the independent epi-
topes clustered within the CB11 fragment of type II collagen and thus were
capable of ﬁxing complement and subsequently inducing severe arthritis.
We used DBA/1J mice because it is easy to develop arthritis in this strain.
For ﬁve DBA/1J mice, arthritis was induced by the arthritogenic cocktail com-
bined with lipopolysaccharide (LPS) simulation as previously reported16e18.
The mice were injected intraperitoneally with 2 mg of mAb on day 0 and
day 1 (4 mg total), followed by intraperitoneal injection of 50 mg of LPS on
day 2. The mice were used for experiments 14 days later.INTRA-ARTICULAR INJECTION OF POLY ARGININE0.1 mM concentrations of R4, 8, 12, and 16, labeled with rhodamine were
prepared using phosphate buffered saline (PBS) as the vehicle. Animals
were anesthetized with diethyl ether and polyarginine was injected via a tu-
berculin syringe with a 30 gauge 0.5 inch needle into the right knee joints
through the patellar ligament with the knee joint ﬂexed 90. We conﬁrmed
that the tip of the needle reached the joint space by a loss of resistance.
Care was taken not to advance the needle too far into the cruciate ligaments.
Twenty micro litre of R4, 8, 12, or 16 were injected into right knee joints of theC57BL/6J mice (each 5, n¼ 20). We injected with 20 ml of R8 into six DBA/1J
mice (three CAIA model mice and three control mice). One hour later, the
mice were euthanized by systemic perfusion with 4% paraformaldehyde
(PFA) in PBS under general anesthesia using diethyl ether, and right knee
joint samples were obtained for histological examination. The soft tissue sur-
rounding the joint was removed using an illuminated magniﬁer to produce an
undecalciﬁed cryosection.ENZYME TREATMENT19,20Twenty 6e9-week-old female C57BL/6J mice (Japan SLC) were used. The
mice were euthanized by cervical dislocation under general anesthesia using
diethyl ether and their right femoral condyles were removed without ﬁxation.
The soft tissue surrounding the bone was removed as much as possible using
an illuminated magniﬁer to enable undecalciﬁed cryosection described below.
The samples were divided into four groups. The treatment groups were im-
mersed in 1 U/ml of chondroitinase ABC (Ch’ase ABC, Seikagaku Corp, To-
kyo, Japan), 1 U/ml of keratanase (Seikagaku Corp) or 0.5 U/ml of
heparitinase (Seikagaku Corp) (each 5, n¼ 15) and the control group (n¼ 5)
was immersed in PBS at 37C for 12 h. All enzymes used in the current study
were proteinase free. The bones were washed twice with PBS, immersed in
5 mMof R8-rhodamine for 5 min, washed twice with PBS again, and then eval-
uated histologically.HISTOLOGICAL ANALYSIS OF HIND LIMBSHistological analysis was performed on the knee joints from the mice in-
jected polyarginine-rhodamine and on the femoral condyles immersed in
R8-rhodamine. The sagittal sections were cut by the undecalciﬁed cryosec-
tion method previously described by Kawamoto21,22. Brieﬂy, the sample
was placed in a stainless steel container ﬁlled with 4% carboxymethylcellu-
lose (CMC) compound (Finetec Co. Ltd., Tokyo, Japan). CMC compound
was completely frozen in hexane, which was cooled with liquid nitrogen.
Serial articular cartilage sections (5 mm) were cut on a cryomicrotome (Le-
ica CM1900 rotatory microtome, Leica, Wetzlar, Germany) equipped with
a knife made of tungsten carbide (TC-65, Leica). The adhesive ﬁlm (Cryo-
ﬁlm, Finetec Co. Ltd.) was used according to the manufacturer’s instruc-
tions. Sections were dehydrated with 100% ethanol for 30 s, ﬁxed with
4% PFA for 5 min, washed with tap water and counterstained with
0.005% calcein (Funakoshi Co. Ltd., Tokyo, Japan) and 2 mM of Hoechst
33,342 (Invitrogen). The tissues were viewed using an Olympus IX71 mi-
croscope (Olympus Corp, Tokyo, Japan) and images were digitally cap-
tured and compiled using an Olympus DP70 (Olympus Corp). The serial
sections were stained with 0.1% Safranin O (pH 1.5)/0.04% fast green to
assess general morphology and matrix proteoglycans and examined under
a light microscope.COMPETITIVEEXPERIMENTUSINGACATIONICCOLLOIDAL IRONFour 6e9-week-old female C57BL/6J mice (Japan SLC) were used. The
mice were euthanized by cervical dislocation under general anesthesia using
diethyl ether and their bilateral femoral condyles were removed without ﬁxa-
tion. Cryostat sections of femoral condyles were cut at 5 mm as described
above. Sections were dehydrated with 100% ethanol for 30 s, ﬁxed with
4% PFA for 5 min, washed with tap water, then divided into two groups.
The treatment group (n¼ 4) was incubated in cationic colloidal iron23 at pH
value of 1.5 for 30 min and the control group (n¼ 4) was incubated in PBS
for 30 min. After being rinsed with tap water, all sections were treated with
5 mM of R8-rhodamine for 5 min. The tissues were viewed using an Olympus
IX71 microscope (Olympus Corp).OPTFour DBA/1J mice (two CAIA model mice and two control mice) were eu-
thanized by cervical dislocation under general anesthesia using diethyl ether.
The right femoral condyles were obtained and immersed in 0.01 mM of R8-
rhodamine for 1 h. Samples were rinsed twice with PBS, immersed in 0.01%
calcein for 20 min, and rinsed twice with PBS again. Samples were then im-
aged using a ﬂuorescence stereoscopic microscope (Olympus SZX12,
Olympus Corp). Imaging by OPT was performed as described previously9,24.
Brieﬂy, the specimens were embedded in a block of 1% low melting point
agarose (Low Melting Point Agarose, Invitrogen Co. Ltd.). They were dehy-
drated and cleared with the Murray’s Clear (a 1:2 mixture of benzyl alcohol
and benzyl benzoate) and 400 digital images were captured using an OPT
scanner 3001 (MRC Technology, London, UK) while the specimens were ro-
tated through 360 around a single axis with 0.9 steps between each image.
The signal was detected using a GFP ﬁlter for calcein and a Cy3 ﬁlter for rho-
damine. To reduce scattering and refraction of light as it passed through the
specimen, the rotating specimen was immersed in Murray’s Clear during im-
aging. After the 400 images were taken, virtual sections were independently
1211Osteoarthritis and Cartilage Vol. 17, No. 9reconstructed using a back-projection algorithm. Analysis and visualization
of OPT data was performed with Amira software (version 3.1, Mercury Com-
puter Systems, Chelmsford, UK). three-dimensional (3D) iso-surfaces (con-
tours that connect all regions above a certain threshold intensity) were
reconstructed to illustrate the shapes of the R8-rhodamine signal.FLUORESCENCE MEASUREMENTTo quantitate the rhodamine signal, the ﬂuorescence measurement using
Image J 1.38x software (National Institutes of Health, Bethesda, MD) was
performed. For all obtained ﬂuorescence images, a region-of-interest (ROI)
with certain size was deﬁned within the thickest area of femoral condylar car-
tilage from the surface to the tide mark. Then, the average ﬂuorescence in-
tensity of rhodamine within this ROI was obtained. Exposure time was
identical within each experiment.STATISTICAL ANALYSISFluorescence intensities of rhodamine are presented meansSD. Statis-
tical analysis of intergroup multiple comparison was conducted using the
Tukey-Kramer method and comparison of means between two groups was
conducted using Student’s t test (two-side test). P values less than 0.05
were considered statistically signiﬁcant.ResultsSPECIFIC BINDING OF OCTAARGININE PEPTIDE TO THE
ARTICULAR CARTILAGETo examine the efﬁciency of which different lengths of
polyarginine peptides bound to articular cartilage, we exam-
ined mice injected with consecutive peptides between R4
and R16. Signiﬁcant ﬂuorescent labeling was observed be-
tween R8 and R16 [Fig. 1]. Fluorescent quantiﬁcation re-
vealed that cartilage matrix binding was greatest for R8
[Fig. 1]. Intergroup multiple comparison using the Tukey-
Kramer method showed that the ﬂuorescent intensity of
R8-rhodamine was signiﬁcantly higher than that of R4 and
R16-rhodamine (P< 0.01, P< 0.05, respectively) and the
intensity of R4-rhodamine was signiﬁcantly lower than that
of R12-rhodamine (P< 0.05).
Intra-articularly injected rhodamine-labeled R8 was de-
tected in the meniscus and in all articular cartilage layers
except for the calciﬁed layer [Fig. 2(A and B)]. Staining
was observed mainly in the pericellular and inter-territorial
part of the cartilage matrix under higher magniﬁcation
[Fig. 2(B)]. Notably, staining was conﬁned to the superﬁcial,
middle and deep layers, which interfaced with the tide mark
and separated from the calciﬁed layer stained with calcein
in green [Fig. 2(B)]. In contrast, Safranin O (a common his-
tochemical stain for cartilage proteoglycans) stained all
layers of articular cartilage [Fig. 2(C and D)]. Intra-articularly
injected R8-rhodamine did not penetrate to soft tissue
around the joint probably due to the barrier effect of joint
capsule, and did not accumulate in the synovium because
of the relatively small amount of GAGs in synovium
[Fig. 2(E)].OCTAARGININE BINDS MAINLY TO THE CSS OF CARTILAGE
PROTEOGLYCANSThe observed staining pattern of R8 in articular cartilage
and the positively charged characteristics of R8 suggest
that sulfated GAG chains of proteoglycans (e.g., aggrecan)
are the major binding substrates. In order to determine the
substrates, we treated the articular cartilage with Ch’ase
ABC, keratanase or heparitinase and reacted it with R8
[Fig. 3(AeD)]. Safranin O staining demonstrated loss of pro-
teoglycan matrix in the superﬁcial, middle, and deep layers
only in Ch’ase ABC treatment group[Fig. 3(AeD), inset].Fluorescence from labeled R8 decreased markedly in the
chondroitinase-treated samples compared to the untreated
control samples, the keratanase-treated samples and the
heparitinase-treated samples. This was conﬁrmed by ﬂuo-
rescence quantiﬁcation [Fig. 3(E)].
We also examined R8 binding to articular cartilage in
CAIA mice [Fig. 4]. Intra-articularly injected rhodamine-la-
beled R8 was reduced markedly in cartilage where the pro-
teoglycan matrix was degraded, and this was conﬁrmed in
serial sections stained with Safranin O [Fig. 4(C and D)].
The ﬂuorescent intensity of R8-rhodamine in cartilage
from CAIA mice was signiﬁcantly lower than that from nor-
mal subjects, suggesting loss of cartilage proteoglycan in
arthritis (P< 0.01) [Fig. 4(E)].
To investigate whether another small cationic ion com-
petes with R8 for binding to articular cartilage, we have per-
formed a competitive experiment using a cationic colloidal
iron. By pretreatment with a cationic colloidal iron, cartilage
matrix binding of R8 was markedly reduced (data not
shown).3D OPTICAL IMAGING OF ARTICULAR CARTILAGE BY OPTTo test the feasibility of R8 as a new probe for the optical
imaging of articular cartilage, we examined an OPT analy-
sis. OPT is a technique for 3D imaging of small biological
tissues and is particularly useful for reconstructing verte-
brate embryos24. OPT takes advantage of many colored
and ﬂuorescent dyes that have been developed for tissue-
speciﬁc or gene-speciﬁc staining. Femoral condyles were
removed from normal mice (n¼ 2) and CAIA mice (n¼ 2).
The articular cartilage and calciﬁed bone were stained
with rhodamine-labeled R8 and calcein, respectively. The
articular surface in CAIA was rough under white light and
there was decreased rhodamine signal during ﬂuorescent
microscopy, but no obvious cartilage loss [Fig. 5]. In con-
trast, OPT analysis revealed reduced binding of R8 to the
articular cartilage, which represents loss of cartilage proteo-
glycan GAGs [Fig. 5]. In particular, cartilage destruction was
observed in the weight-bearing regions. These results dem-
onstrate that OPT analysis using ﬂuorescent-labeled R8 al-
lows sensitive, high resolution visualization of the
topographical distribution of cartilage GAGs.
Discussion
Several studies have focused on antibody-mediated re-
tention of antigens such as albumin25e28, ferritin29 and per-
oxidase30 in the cartilage of animal knee joints with antigen-
induced arthritis. These demonstrated that dense hyaline
articular cartilage is impermeable to these high molecular
weight solutes. However, van den Berg et al. reported
that positively charged albumin penetrates into articular car-
tilage without any antibodies31,32. They concluded that the
mechanism of retention of the albumin in the articular carti-
lage is a charge-mediated binding to negatively charged
GAGs, which are abundantly present in the cartilage matrix.
Fluorescence microscopic observation of undecalciﬁed
whole joint sections in the current study demonstrated
a homogeneous distribution of polyarginine peptides over
the cartilage matrix. This accumulation was observed
only in cartilage from the surface to the tide mark and
was completely absent in the calciﬁed cartilage zone. Fur-
thermore, a ﬂuorescent signal was not observed at in the
soft tissue surrounding the joint and in the bone cortex
stained with calcein. We found this to be the case not
only in knee joint cartilage but also in ankle and foot joint
Fig. 1. Effect of the length of arginine chain on accumulation in articular cartilage. Sagittal knee joint sections from mice that received intra-
articular injection of peptides composed of 4, 8, 12, or 16 arginine residue (R4, 8, 12, 16) and were labeled with rhodamine (n¼ 5 each). There
was extremely low accumulation of R4 while R8 exhibited the maximum accumulation in the cartilage matrix; the degree of accumulation de-
creased as the chain length further increased. Scale bar¼ 100 mm. Semiquantiﬁcation of rhodamine ﬂuorescent intensity for each group using
image J software is shown in bottom. Error bars express S.E.M. Statistical signiﬁcance: *P< 0.05 and **P< 0.01 by Tukey-Kramer analysis.
1212 K. Inagawa et al.: Imaging of cartilage using octaarginineand tracheal cartilage (data not shown). Under the exper-
imental condition in the current study, intra-articularly in-
jected R8-rhodamine did not always show uniform
distribution in cartilage. The staining pattern varied among
animals and was not inﬂuenced by the area of cartilagewithin the joint. Although the reason for these ﬁndings is
unknown, the wide homogeneous distribution of R8 within
articular cartilage composed of ﬁne collagen architecture
might require certain time and exercise before examina-
tion. Although the reason why the junction between the
Fig. 2. Histological evaluation of polyarginine accumulation in articular cartilage. Sagittal knee joint sections from mice that received poly-
arginine labeled with rhodamine intra-articularly (n¼ 5): representative photographs showing the polyarginine accumulation in articular car-
tilage. (A) Fluorescence microscopy shows that red rhodamine signals are seen only in the articular cartilage of the femorotibial joints and
meniscus. (B) Higher magniﬁcation of panel A inset shows that rhodamine accumulation is observed only in articular cartilage from the
surface to the tide mark. (C) Safranin O/fast green stain indicates that articular cartilage of the femorotibial joint, meniscal disc, and growth
plates of femur and tibia were stained with Safranin O. (D) Higher magniﬁcation of panel C inset showing that articular cartilage from the
surface to the calciﬁed cartilage zone is stained with Safranin O. The color of Safranin O/fast green staining might be unusual because of
the absence of decalciﬁcation and the adhesive ﬁlm using in the current study. (E) Intra-articularly injected R8-rhodamine did not penetrate
to soft tissue around the joint probably due to the barrier effect of joint capsule, and did not accumulate in the synovium because of the
relatively small amount of GAGs in synovium. F: femur. T: tibia. M: meniscus. P: patella. GP: growth plate. Arrow heads: tide mark. Scale
bar¼ 500 mm (A, C and E), 100 mm (B and D).
Fig. 3. Decreased accumulation of octaarginine in articular cartilage following chondroitinase treatment. Mice femoral condyles were immersed
in chondroitinase ABC, heparitinase, keratanase or PBS, then soaked in octaarginine labeled with rhodamine. Sagittal sections of the femoral
condyle from the four groups were examined (n¼ 5 each) using a ﬂuorescence microscope and compared with serial sections stained with
Safranin O/fast green. In the chondroitinase treatment group, loss of Safranin O staining intensity and a decrease in rhodamine ﬂuorescence
intensity were observed in the same region of the femoral condyle cartilage. The surface stain remaining after chondroitinase treatment might
be due to simple adhesion to cartilage surface, not charge-mediated accumulation. Scale bar¼ 100 mm. The result of semiquantiﬁcation of
rhodamine ﬂuorescent intensity for four groups using image J software is shown in bottom. Error bars express S.E.M. Statistical signiﬁcance:
*P< 0.05 by Tukey-Kramer analysis.
1214 K. Inagawa et al.: Imaging of cartilage using octaargininecalciﬁed cartilage and articular cartilage appears to stain
more intensely is also unknown, intra-articularly injected
R8-rhodamine may be trapped at tide mark and accumu-
late above tide mark.The substrate of polyarginine in cartilage matrix was not
clear. Safranin O is known to speciﬁcally bind to CS in car-
tilage matrix at pH 1.5e220. The ﬂuorescence distribution
of polyarginine in the cartilage closely resembled the
Fig. 4. Decreased accumulation of octaarginine in an arthritis mice model. Octaarginine labeled with rhodamine was injected into the knee
joints and sagittal sections of the joints from control (A, C) and CAIA model mice (B, D) were examined using a ﬂuorescence microscope
and compared to serial sections stained with Safranin O/fast green. In CAIA model mice, loss of Safranin O stainability and a decrease in
rhodamine ﬂuorescence intensity were observed in the same region of the destroyed cartilage. Scale bar¼ 100 mm. The result of semiquan-
tiﬁcation of rhodamine ﬂuorescent intensity in femoral and tibial condylar cartilage in both groups (n¼ 6 each) using image J software is shown
in Fig. 4E. Error bars express S.E.M. Statistical signiﬁcance: *P< 0.05 by Student’s t test (two-sided test).
1215Osteoarthritis and Cartilage Vol. 17, No. 9appearance following Safranin O staining. We speculate
that polyarginine also binds mainly to CS in cartilage matrix
via a charge-mediated accumulation mechanism. In support
of this hypothesis, we showed that the ﬂuorescence inten-
sity of polyarginine in cartilage markedly decreasedfollowing treatment with Ch’ase ABC. It is known that bind-
ing of Safranin O to glycosaminoglycan polyanions is stoi-
chiometric and therefore stainability for Safranin O
represents the amount of GAGs in the tissue. We have per-
formed an additional experiment using a cationic colloidal
Fig. 5. OPT imaging of femoral condyles from control and CAIA mice. The femoral condyles from the control and CAIA model mice were im-
mersed in octaarginine labeled with rhodamine and calcein and the samples were observed using a ﬂuorescence microscope and OPT scan-
ner. Fluorescence microscopy showed that the surface of the articular cartilage from the CAIA model mouse had lost smoothness. However,
the difference in joint surface ﬁndings was clearer with OPT, and the destruction of articular cartilage was revealed with extremely high res-
olution for three dimensions. The signal detected for rhodamine conjugated to octaarginine is seen in red and the signal for calcein that stains
the calciﬁed tissue is colored green. These 3D representations can be viewed from any angle. The images show that the CAIA model mice
suffered severe cartilage destruction, particularly in weight-bearing cartilage.
1216 K. Inagawa et al.: Imaging of cartilage using octaarginineiron as another small cationic ion to compete with the accu-
mulation of R8. By pretreatment with a cationic colloidal
iron, ﬂuorescence from R8 decreased markedly (data not
shown). We consider that this result is consistent with thehypothesis that R8 binds to GAG in cartilage matrix via
charge-mediated accumulation mechanism.
We showed that the number of arginine residues has
a signiﬁcant inﬂuence on accumulation in articular cartilage
1217Osteoarthritis and Cartilage Vol. 17, No. 9and there seems to be an optimal number of arginine resi-
dues for accumulation (namely, R8). Although the precise
mechanism that underlies the suppression of R12 and
R16 accumulation in cartilage is still unclear, our results
suggest that R8 has the optimal size and electrical charge
for accumulation in cartilage. Futaki et al. investigated the
effect of arginine length chain on internalization into the
cell using peptides composed of arginine 4e16 residues
and found that R6 and R8 had higher translocation activity
than other polyarginine peptides14. Although it has been re-
ported that polyarginine binds to heparan sulfate33, it is in-
teresting that the translocation activity of this PTD was
similar to the efﬁciency at which R8 accumulated in articular
cartilage in the current study. In addition, Matsushita et al.
looked at protein delivery by R7e11 into the neurons of
brain slices and found that R11 was the most efﬁcient,
although the mechanism is unknown34.
In early OA or RA change, degradation of CS occurs be-
fore the structural breakdown of articular cartilage. We
therefore looked at whether R8 could be used as a sensitive
probe for detecting early degenerative changes of cartilage
using OPT. With OPT imaging, we found that destruction of
articular cartilage could be depicted as 3D image with ex-
tremely high resolution. Although we have used only femo-
ral condyles for OPT imaging in the current study because
of time constraints, it would be reasonable to consider that
the other parts of articular cartilage in the joint can also be
imaged in OPT. Analysis of OPT images might contribute to
the measurement of the surface area and quality of dam-
aged articular cartilage. However, because OPT analysis
is time-consuming and demands new expensive device, it
is not easy at this time. Therefore, we could not envisage
it replacing standard histopathologic assessment of joint
for arthritic disease models. Alternatively, the advantages
of OPT imaging using R8 as a probe are (1) a gross mor-
phological assessment equivalent to the visualization by In-
dian ink, (2) a direct reﬂection of GAGs concentration, (3) an
imaging with a high resolution, and (4) a feasibility of quan-
titative assessment of the cartilage damage.
At present, this imaging technique could be used only for
animal models as an ex vivo technique. The application of
this technique to humans deserves further investigation, be-
cause safety of R8 in vivo has not yet been established.
Moreover, the time course of the histological and OPT ﬁnd-
ings from the early degradation are necessary to conﬁrm
the feasibility of using R8 as a probe for the optical imaging
of the early phase degeneration of articular cartilage. How-
ever, our results in the current study suggest the feasibility
of using R8 as a probe for the optical imaging of articular
cartilage in the future. It would also be interesting to look
at whether R8 could be a carrier for a drug delivery system
for the treatment of cartilage destruction.
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